Equine cervical compressive myelopathy is a common neurologic disease of young horses in which the caliber of portions of the cervical spinal canal is reduced by vertebral or soft tissue abnormalities.' A consequence of such impingement on the canal is cervical spinal cord compression leading to ataxia and paresis. The neuropathologic basis of ~ I Portions of this material were presented at the 1993 meeting of the Society for Neuroscience, Washington, DC. this syndrome has been well described and consists of trauma-induced spinal white matter axonal swelling progressing to Wallerian degeneration, demyelination, and g l i o s i~.~~~~'~ In the present study, we examined selected immunohistochemical changes in the myelinated nerve fiber degeneration, in particular changes in the intra-axonal expression of the cell stress protein ubiquitin. The purpose of the study was to determine the association of increased axonal ubiquitination with traumatic axonal injury and fiber degeneration in equine compressive myelopathy . This retrospective study utilized necropsy-derived tissues from four clinically affected horses, 8-36 months of age. There was one Quarter horse (No. l), two Tennessee Walkers (Nos. 2, 3), and one Standardbred (No. 4); one of these was a male and three were females. These animals demonstrated clinical signs consistent with that of cervical compressive myelopathy, i.e., 1-9 months of variably progressive incoordination, ataxia, and weakness affecting the rear legs more than the front.* Portions of malarticulated-malpositioned vertebrae compromising the lumen of the cervical spinal canal at C3-4 and/or C4-5 articulations, with associated cord compression, were demonstrated by myelographic and/or necropsy examination. This narrowing of the canal was often associated with flexion of the neck. No significant lesions outside the vertebral column and spinal cord were seen in these horses.
Segments of cervical spinal cord from these four affected horses and from one neurologically normal young horse (the control) were removed at necropsy and immersion fixed in 10% neutral buffered formalin. Coronal sections were then embedded in EM400 paraffin resin (Surgipath), sectioned at 8 pm, and stained with hematoxylin and eosin (HE), Luxol fast blue-periodic acid-Schiff-hematoxylin (LFB-PAS-H), or Holmes's silver impregnation. In addition, immunohisto-chemical reactions were performed on 5-pm-thick sections from the same tissue blocks. These reactions utilized rabbit anti-bovine primary antibodies from the immunoglobulin serum fraction raised either to free and conjugated ubiquitin (Biomeda) or to glial fibrillary acidic protein (GFAP) (BioGenex), both of bovine origin. A biotin-streptavidinhorseradish peroxidase (with a 0.05% diaminobenzidine substrate) was used as the detection system. Standard immunohistochemical staining procedures were employed. Negative control sections in which nonimmune sera replaced the primary antibody were included with each immunohistochemical reaction. All these preparations were studied by light microscopy.
Lesions were most severe in mid to rostra1 levels of the cervical spinal cord in or adjacent to regions of greatest impingement on the vertebral canal. The myelopathic process was most evident in ventral and lateral white matter funiculi bilaterally (Fig. l) , extending to dorsal myelinated tracts in the most severely affected horse (No. 3). Generally, peripheral regions of white matter were more severely affected than deeper zones. This traumatic myelopathy was manifest by a spectrum of alterations involving myelinated fibers. Axonal lesions were most striking, consisting of varying degrees of swelling and breakdown. These swollen axons usually were LFB-PAS-H positive, and argyrophilic (Holmes's impregnation) (Fig. 2) . A sequence of degradation events (Wallerian degeneration) involving these enlarged axons could be ascertained, during which they appeared to undergo dissolution. This degradation was sometimes associated with the presence of macrophages within the damaged fibers and led to the formation of vacuoles in the involved white matter regions, probably representing sites of degraded myelinated axons (Fig. 2) . Associated with these axonopathic events was both myelin loss (secondary demyelination) and increase in astrocytic processes as delineated by the GFAP reaction (Fig.  3) . The increase in astrocytic processes was prominent around the damaged or lost fibers and in the thickened subpial astrocytic glia limitans (Fig. 3) and resembled the gliotic pattern previously noted in equine compressive myel~pathy.~ Immunohistochemical examination of cross sections of spinal cord for ubiquitin revealed that many of the swollen white matter axons demonstrated this protein (Fig. 4) in a more consistent and intense fashion than normally seen (usually weak or negative staining), as manifest in the control animal. In swollen axons undergoing the degradative events noted above, axoplasmic ubiquitination was progressively The astrocytic response in affected white matter is revealed by the extent of dark-staining GFAP reaction product in a region of damaged axons and subpial glia limitans (arrow). GFAP immunostain. Bar = 50 pm. diminished (Fig. 4) . The breakdown of these ubiquitinated axons resulted in the previously described white matter vacuoles, which were either empty or contained fragments of fiber debris reacting weakly for the protein. Other ubiquitinated structures in these spinal cords included reactive glial (likely astrocytic) cytoplasm and nuclei of some neurons.
Gray matter lesions were minimal when compared with those of the myelinated regions of the spinal cord. The most severely affected horse (No. 3) had occasional swollen, degenerating fibers and necrotic neurons in the gray matter. Two others (Nos. 2, 4) had focal recent hemorrhage in this region.
The cases described here meet the neuropathologic criteria of equine cervical compressive myelopathy, in particular the axonal swelling, Wallerian degeneration, and gliosis noted in ventral and lateral white matter at or adjacent to sites of spinal cord compression.9Jo The focus of our study was the relationship of changes in intra-axonal ubiquitin to the degeneration of these neurites. Using a primary antibody that labels both free and protein-conjugated ubiquitin, we demonstrated the greatest extent and intensity of intra-axonal immunohistochemical reaction in the stage of axonal swelling prior to the breakdown of these neurites during traumainduced degeneration. This axoplasmic expression ofthe cellstress protein frequently diminished with what appeared to be subsequent fiber degeneration progressing to loss of the injured neurite, probably reflecting the critical role that ubiquitin plays in cellular catabolic processes, where it conju-ful states,' among which the trauma of equine compressive myelopathy should be included. gates to altered proteins thus marking them for lysosomal or nonlysosomal degradation.6 Ubiquitination of degenerating neuronal processes, including axons, is not unique to equine compressive myelopathy; it is also a feature of a number of other neuropathies, including human degenerative neurologic conditions such as Alzheimer's disease, giant axonal neuropathy, and infantile neuroaxonal dystrophy, as well as normal aging of the human brain.I4 A similar immunohistochemical increase in ubiquitin is also seen in toxic and traumatic axonal degeneration. The reported immunohistochemical changes are likely a reflection of local activation of the ubiquitin system, leading to increased lysis of altered proteins within neurites injured by a variety of stress-1 2 3 4 5
